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INTRODUCTION: 
Speech is most commonly used for conveying information 
from one place to another, among the human being. The 
intelligence transferred through speech is mainly contained 
in sound waves. Acoustically speaking speech is a sequence of 
sound signals. The fundamental frequency, intensity and 
spectral distributions of which vary from instant to instant. 
Man is unique in his ability to transform information with 
his voice. It is nobody but man who has developed the vocal 
means for coding and conveying information beyond a 
rudimentary stage. Man from his past experience sends neural 
signals from brain which actuate the vocal apparatus. Speech 
sounds through mouth and nostrils radiate in to the air which 
are detected by ear. The eardrums are vibrated by these 
waves. 
The vibrational energy which is converted in to nerve 
impulse is sent to brain through auditory nerve for 
interpretation. Throughout his evolution man has naturally 
adopted to this communication system. Now, not only thoughts 
but talker's emotions, identity and the very physical state 
of being are decoded by an experienced listner. The sound 
can also be localized by the listners and their attention can 
be directed among several talkers. 
According to Fant speech is a feedback mediated, output 
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oriented integrations of movements in space and time executed 
by a complex of excitory and inhibitray muscle activities. 
Auditory, tactile and proprioceptive feedback loops appear to 
operate according to a principle of flexibility ensuring the 
most adequate output in any contextual frame. 
Studies in the field of speech analysis are motivated 
by the ultimate goal of building automata through which 
verbal communication between man and machine could be 
realized. To extend the man's capabilities and to increase 
the productivity of human beings, utilization of speech 
for communication between man and machine has been 
significant requisite and the main motiivation factor behind 
developing speech interactive systems. The basic mechanism of 
speech communication with machine is to functionally 
duplicate the behaviour of human communication link. In order 
to achieve this goal and that of speech perception the 
principal effort have been directed towards the building of 
three types of machines. Machine that can encode linguistic 
symbols into some sequence of speech sounds that human 
listner can understand. These type of machines are put under 
the category of Speech Synthesizers. Machines that can decode 
the acoustic speech signal in to its printed equivalent in 
the form of some sequence of recognizable symbols or printed 
words. This type of machines come under the category of 
Speech Recognisers. And the third type of machines should be 
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capable for speaker identification / verification. 
The synthesis of speech is at present successfully 
approached by various methods. The first speech 
analysis/synthesis system was conceived at the Bell Telephone 
Laboratories in the mid thirties, culminating in the voder, a 
device for analyzing speech in to slowly varying acoustic 
parameter that could than drive a synthesizer to reconstruct 
an approximation to the original waveform. This led to the 
idea for a manually controlled version of the speech 
synthesizer, called the "Voder". The source signal was routed 
through ten band pass electronic filters whose out put levels 
were controlled by an operator's fingers. 
Not long thereafter, the "pattern playback" synthesizer 
was developed at the Haskins Laboratories, which permitted 
converting the patterns seen on broad band sound spectrograms 
back in to sound. This machine can be considered as a 
sonagraph machine working in reverse. 
A revolution took place with the rapid development of 
computers. This technological revolution allowed for the 
design of computer simulated speech synthesizers. Moreover, 
synthesized voice as output of computers is an advance step 
of man-machine communication. 
The problem which makes decoding of the speech 
particularly difficult is the extremely ambiguas nature of 
the speech code. There are considerable differences in the 
-3-
Chapter-I 
acoustic speech signals of two utterences of the same word by 
the same speaker. The variation of speech signals from one 
speaker to another due to different speech habits, accent, 
pitch, stress etc. makes it more complicated. 
This problem of decoding of the speech signal 
represents a major challenge in achieving an efficient 
natural communication link between man and machine. Inspite 
of considerable research efforts in this field the results 
are very modest and there remain a number of fundamental 
questions which have yet to be fully answered. The most 
important of these concern the follov^ ing issues : 
[1] The choice of an adequate set of measurments, 
[2] The definition of the basic linguistic units of the 
machine, 
[3] The machine representation of utterances and words 
and 
[4] The time segmentation of the speech signal. 
The common features of most of the analyzers appears to 
be that the preprocessing of the speech signal is carried out 
by passing it through a bank of analog filters with smoothing 
on the rectified output of each channel. The resulting slowly 
varying output of each channel is proportional to the square 
root of the power in that channel. These outputs are 
generally referred to as the "short time-spectrum". An 
important observation was that the short-time spectrum of the 
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vowel sounds exhibits peaks at various frequencies, which are 
referred as "formant frequencies". 
These methods were limited to the recognition of vowels 
in some well-defined context and that of the ten spoken 
digits pronounced carefully under laboratory conditions. The 
difficulties should not be under estimated. Speech is an 
extremely irregular signaling system. Everyone's voice is 
different and so is the voice of a given talker in different 
situations. These considerations alone should be sufficient 
to show that the code of speech is not at all simple to 
break. ' 
The researchers are giving more emphasis on automatic 
speech recognition system for continuous speech 
understanding. So far machine is unable to even segment the 
uttered speech in to isolated words from a continuous speech. 
As a result the accuracy of the speech recognition becomes 
poor. Second major problem is due to large vocabulary of the 
system by which the speech matching becomes much expensive. 
Thereby rendering the efficiency of the system becomes poor. 
The non-availability of contextual informations is one 
of^the main reasons of the speech recognition. To solve these 
problems it is necessary to find out the basic reason. When a 
man recognize normal speech, we discover that a high degree 
of intelligence is involved because of the need to use 
contextual informations. It is obvious that speech has many 
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complex sounds. To analyze these sounds the use of contextual 
information is helpful. The contextual information about the 
sounds are used by the man to recognize speech. It follows, 
therefore, that for recognition higher sources of knowledge 
are needed. The various type of knowledge sources which are 
required to operate at various levels could be listed as: 
[1] The characteristics of speech sounds. 
[2] Variability in pronounciation. 
[3] Stress patterns. 
[4] Sound patterns of words and dictionary (Lexicon). 
[5] Grammetical structure of language. 
[6] Meaning of words and sentences. 
[7] Context of conversation. 
It is obvious that only after introducing these sources 
of knowledge we will be able to recognize more correctly the 
phonemes, syllables and words of the language in continuous 
speech. 
SPEECH PRODUCTION MECHANISM: 
The organs that are involved in producing speech are 
shown in the Figure 1.1. These organs can be divided in to 
three main groups : lungs, larynx, and the parts of the mouth 
and nose. The lungs are the source of an airflow that passes 
through the larynx and oral/nasal tract before exciting the 
mouth as pressure variations constituting the speech signal. 
The source of most speech occurs in the larynx where vocal 
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Fig 1.1: Schematic diagram of the human vocal mechanism. 
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folds can partially or conpletely obstruct airflow from the 
lungs. During normal breathing, the vocal folds remain 
sufficiently parted to allow free air passage without 
creating sound. If they are closed sufficiently, air flow may 
be hindered enough to create a turbulent noise at the 
glottis, the variable opening between the vocal folds. Speech 
arising from such a noise is called whisper. Noise may be 
generated by the same mechanism farther up in the voal tract 
at a narrow constriction involving the tounge and the roof of 
the mouth (the palate) or the lips and teeth. 
If the vocal tract or glottis is closed completely, air 
flow ceases and no sound emerges. A class of sounds called 
stops or plosives utilizes such air flow interruptions of 
20-150 ms, with different acoustic aspects depending on 
whether the closure occurs at the glottis, in the vocal 
tract, or at the lips. While the muscles continuing to 
attempt to expel air, pressure builds behind the closure 
untill it is opened or released. 
The speech organs in the vocal tract that involve in 
the production of different sounds are called articulators. 
They act on the airstream to give it a final 'shape' as it 
were, so as to generate a sound of specific type and quality. 
In terms of the number of sounds discriminated, the most 
important articulators are the tounge and lips. It is 
primarily tounge and lip positioning that creates the large 
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number of different vocal tract shapes necessary to produce 
different speech sounds. The vocal tract is the most 
important in the speech production process. The vocal tract 
provides the means to produce the many different sounds that 
characterize spoken language. 
Fricative sounds employ a narrow fixed vocal tract 
constriction, while plosive sounds close and release a full 
occlusion. Another class of sounds is the sonorant sounds. 
Which excites the vocal tract through periodic vocal fold 
vibrations. The rate of vibration is called the fundamental 
frequency (FO). Phonation (vibration of vocal folds) occur 
when : 
[a] The vocal folds are sufficiently elastic and close 
together and 
[b] There is a sufficient difference between subglottal 
pressure and supraglottal pressure. 
The vocal tract has two speech functions : 
[1] It modifies the spectral distribution of energy in 
the glottal pulse, and 
[2] It can contribute to the generation of stop and 
fricative sounds. Different sounds are primarily 
distinguished by their periodicity (voiced and 
unvoiced) spectral shape (which frequencies have the 
most energy), and duration. 
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CLASSIFICATION OF SPEECH SOUNDS: 
Speech sounds can be analysed, described and classified 
from different points of view in relation to the chain of 
events that take place while the speaker communicates the 
message to the listener. Articulatory, acoustic and 
perceptual aspects of speech are normally considered for such 
an analysis. 
While human can produce an infinite number of sounds 
(with in the constraints of the vocal tract), each language 
has a small set of abstract linguistic units called phonemes 
which represents the sounds of speech. Phonemes are the 
minimal contrastive units in the phonology of a language. 
Each language typically has about 40 phonemes, which provide 
an alphabet of sounds. 
Classification of speech sounds is done according to 
their manner and place of production. Phoneticians have found 
this method convenient to indicate the characterstics of 
sounds, e.g., coarticulation of vowel sounds is generally 
described by the position of tongue hump along the vocal 
tract and the degree of constriction. Throughout the text all 
the alphabets (vowel, consonants etc.) are represented by 
their equivalent - International Phonetic Alphabets (IPA). 
The classification method will be eoployed in speech sounds 
as: 
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[1] Vowels and 
[2] Consonants 
[ 1 J VowelsI ' 
Vowels are voiced and have the largest amplitude among 
phonemes. These are generally produced exclusively by vocal 
tract excitation of the tract. If the nasal tract is 
effectivly coupled to the vocal tract during the production 
of a vowel, the vowel becomes nasalized. Vowels are 
distinguished primarily by the location of their first three 
formant frequencies. The ten most frequent vowels of Hindi 
speech are classified according to tongue-hump-position and 
degree of constriction scheme and are arranged as shown in 
Table 1.1. 
Table-a.l 
Degree of 
contrlctlon 
Tongue~hunip-pos i 11 on 
Front Back 
High 
Medium 
Low 
/i/ 
/I/ 
/e/ 
/e/ 
/a/ 
/u/ 
/U/ 
/O/ 
/O/ 
/d/ 
[2] Consonants: , 
The consonants constitute those sounds which are not 
exclusivly voiced and mouth radiated from a relativly stable 
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vocal configuration. The consonants are classified in terms 
of manner and place of articulation. The manner of 
articulation concerns how the vocal tract restricts airflow. 
Place of articulation refers to the location or the point of 
constriction made along the vocal tract by the articulators. 
Eight articulatory features are attributed to the consonants 
as proposed by Ahmed et. al., (1969) in the manner given 
below: 
[11 Friction: Three sounds /s, J, h/ are considered as 
fricatives and the others as non-fricatives. Fricatives 
employ a narrow constriction in the oral tract or at glottis. 
If the pressure behind the constriction is high enough and 
the passage sufficiently narrow, airflow becomes fast enough 
to generate turbulance at the end of the constriction. 
Radiation of fricatives normally occurs from the mouth. 
If the vocal cord source operates in conjunction with the 
noise source, the fricative is the voiced fricative and if 
only the noise source is used, the fricative is unvoiced. 
[21 Affriction: Four sounds /tj, tj , d , d / are considered 
as affricates and the others as non-affricates. Affricates 
are produced as a result of the combination of the stop and 
the fricative. 
[31 Nasality: Three sounds /m, n, y}/ are given nasality 
feature while the remaining sounds are considered as 
non-nasal. Nasal consonants are produced with a closure in 
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the supralaryngeal oral cavity. However, in contrast to stop 
consonants, the velum is open. Sound is propagated through 
the nose during the oral occlusion of a nasal consonant, and 
it is propagated through both the nose and mouth as the oral 
occlusion is released. There are several acoustic 
consequences of opening the nasal cavity in the production of 
a nasal consonant. A nasal murmur occurs prior to the release 
of the closure. In addition, the murmur has additional 
resonances with lower amplitude. 
[41 Liquids: The sounds / 1, r / are called liquids. These 
sounds, generally referred to as lateral and trill 
respectively, have spectral very similar to vowles, but they 
are usually a few db weaker. 
[SI Continuantst The sounds /w/ and / j / are treated as 
continuants since they represent a peculiar way of speaking 
i.e., the mouth is adjusted to say vowel /U/ and /I/ 
respectively and ends in any other vowel. All others are 
treated as non-continuants. 
[61 Flapped Liquids: This is the name given to the three 
sounds /rT, r, r / that never occur in the initial position. 
The remaining sounds are considered as non-flapped liquid 
sounds. 
1_ L L 
[71 Voicing : Nineteen consonants /b,d,d,g, b , d , d , 
S , d , d , m, n, 1, r, r, r , n, w, 3/ are treated as 
voiced sounds. If the vocal cords vibrate during the 
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production of a sound, the sound is voiced otherwise it is 
unvoiced. 
The acoustic property corresponding to the feature 
voiced is the presence of low frequency spectral energy or 
periodicity due to the vibration of the vocal cords. Unvoiced 
sounds do not have such periodicity. 
181 Aspiration: Aspiration is defined as glottal friction 
produced with (for voice sounds) or with out (for 
unvoiced sounds) glottal pulsing. While the glottis is 
narrowly or widely open and the supraglottal vocal tract is 
unobstructed (Dixit, 1979). 
m i i. / h . h . h , h . h jh .h ^h . 
Twelve consonants / p , t , t , k , b , d , q , g , h, 
tj , d , r / are classified as aspirated. The sound /h/ is 
affrioative but it shows an aspirative character and hence it 
is included in this category. The remaining sounds are 
treated as unaspirated sounds. 
Acoustically speaking, the noise occurs mostly at the 
frequencies near second and third formants before and after 
the vowels. 
PLACE OF ARTICULATION: Place of articulation is most often 
associated with consonants, rather than vowels because 
consjonants use a relatively narrow constriction. Each 
consonant is designated by the action of lower and upper 
articulators during constriction. The five places of 
articulation categories are defined as follows: 
- 13 
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111 Front Sounds: In this category only those sounds have 
been grouped which are bilabial. Thus six sounds /p, p , b, 
b , m, w/ are front sounds. 
121 Middle Front: The sounds which are dental and alveolar 
are considered as middle front sounds. Seven sounds /t, t , 
d, d , n, s, 1/ are placed in this category. 
[31 Middle Stounds: Retroflex sounds are placed in this 
category, namely /t, t , d, d , r, r, r , rT/. 
[41 Middle Back: In this category only those sounds are 
included that are spoken with the help of the soft palate and 
that were palatal and palatal alveolar. Six sounds /tj, tj , 
h r d , d , J, 0/ are considered to belong to this category. 
[51 Back Sounds: The sounds that are velar and glottal are 
considered as back sounds. Five sounds are placed in this 
category i.e., /k, k , g, g , h/. 
Among the consonants, stops ' are of particular 
importance as they have many important aooustic features 
(e.g., silence, burst, transition etc.) associated with them 
when occur adjacent to a vowel. Because of the interesting 
features of stops several studies (Halle et. al., 1957; 
Jorgenson, 1954; Fant, 1967; Repp, 1978; Dormann et. al., 
1979) have been carried out on their aooustic oharacterstics. 
The stop sounds, /p/, /t/, /k/, /b/, /d/, /g/ are 
produced by a complex of movements in the vocal tract. With 
the nasal cavity closed, a rapid closure and or opening is 
14 -
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effected at some point irl the oral cavity. Behind the point 
of closure a pressure is built which is suddenly released 
when the closure is released. 
During the period of closure the vocal cords may or may 
not vibrate if they do vibrate we have a voiced stop; if they 
do not, wo have a unvoiced stop. The essential difforenoe 
between these two classes of stops lies in the fact that in 
the production of the latter more pressure is build up behind 
the closure than in the production of the former. This 
difference in pressure results in higher intensity bursts and 
accounts for the well-known fact that /p/, /t/, /k/ bursts 
are often followed by an aspiration, which is not present in 
the case of /b/, /d/, /g/. 
The acoustic correlates of the complex of movements 
involved in the production of stops are rapid changes in the 
short time energy spectrum preceded or followed by a fairly 
long period (of the order of several centiseconds) during 
which there is no energy in all bands above the voicing 
component (above 300 cps). This "silence" is a necessary cue 
for the perception of a stop sound: if the silence is filled 
by any other type of sound except voicing, a stop is not 
perceived. 
The rapid opening of the oral cavity is commonly 
accompanied by a short burst of noise. The spectral 
properties of the burst constitute another set of cues for 
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the perception of the different classes of stops. 
When a stop sound is adjacent to a vowel, we usually 
have all three cues: silence> burst and vowel transition. Of 
these three, however, only the silence is a necessary cue. 
Thus silence with either transition or burst is a sufficient 
cue for identifying a stop. 
- 16 
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REVIEW: 
Several investigators CCooper et. al., 1932; Halle et. 
al.j 19S7; Fant, 1973:> have examined the acoustic cues of the 
stop consonants of various categories occupying different 
positions in a syllable. 
Cooper et. al., C19S2), conducted an experiment to 
evaluate the role of synthetic bursts at specific frequencies 
placed before synthetic vowels to distinguish among /p, t, 
k/. Their results show that the frequency position of the 
burst plus steady state vowel could serve as a cue, though 
not necessarily as a completely sufficient one, for the 
identification of /p, t, k/. 
Fant C1973D studied in detail the spectra and 
durational acoustic parameters for stops in CV syllables. He 
took the spectrograms of 6 initial stops combined with the 
9 long vowels of Swedish spoken once by a single talker. 
Fant made two major conclusions from these measurements. The 
first was that, a consonant locus for place could not be 
obtained from the spectrographic measurements and the second, 
which was at variance with the claims made in the Haskins 
peceptual studies was that F2 and F3 formants transition 
patterns did not always uniquely specify place of 
articulation. 
Ahmad et. al., C1985), studied the relative importance 
of various cues for the identification of Hindi stop 
Chapter-II 
consonants in syllable final position. They found that all 
the three cues (vowel formant transition, closure/voioebar, 
and release burst) are needed for the maximal recognition of 
unaspirated stops whereas, in the case of their aspirated 
counterparts the removal of the VC transition from stimuli 
containing all the three cues (vowel transition, 
closure/voice bar and aspiration noise) causes an enhancement 
in correct scores due to an increase in the identiflability 
of the aspiration feature, the place score remaining 
unaltered. It is also found that aspiration noise (including 
release burst) is a sufficient cue for the place of 
identification of the aspirates. Voicing identification of 
voiced stops requires the presence of the occlusion interval 
filled with glottal pulsation. 
Halle, Hughes, and Radely C1957:) , analysed the spectral 
properties of plosive bursts contained in a number of 
isolated monosyllabic words. ,They observed that the primary 
concentration of. energy for the bilabial plosives ocoured in 
the lower frequency regions, that of the postdental plosives 
occured in the higher frequency region, and for the palatal 
and velar plosives the primary energy concentration was found 
in the intermediate frequency region. They also found that 
listeners were able to identify plosive bursts isolated from 
their context as /p/, /t/, /k/. 
In a study on the effect of consonantal context on 
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formant frequencies of vowels, CStevens and House, 1961) it 
was found that the extent to which various consonantal 
contexts influence the formant frequencies differs 
considerably from one vowel to the other. And consonantal 
context gives systematic shifts in formant frequencies. The 
shift depends on place of articulation, manner of 
articulation, and voicing oharticterstios of adjacent 
consonants, 
Llsker and Abramson C1964) proposed that languages 
which have stop voicing contrasts, have chosen among three 
Voice Onset Time (VOT) categories namely; voicing lead (-ve 
VOT or prevoicing), coincident or shortlag VOT (with zero or 
low +ve values) and longlag VOT values. He also reported that 
VOT fails to distinguish between voiced unaspirated and 
aspirated stops. 
Lahlrl C1980) reported that the feature interrupted 
voicing differentiates voiced aspirates from the other three 
categories, where in there is prevoicing followed by 
approximately 100 msec. of silence and than resumed 
phonation. But prevoicing followed by a short interval of 
silence (3-30 msec.) was found in both voiced murmured and 
unaspirates. 
It has been reported that VOTs for /p,t,k/ are much 
shorter in postvocalic and preunstressed conditions CKlatt, 
1975; Llsker and Abramson, 1967). The basis being that 
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unstressed syllables can be produced with less articulatory 
effort. This can be extended to the voiceless unaspirated 
stops wherein the glottal aperture is nome what greater than 
in voiceless aspirated conditions. VOT following release of 
stop increases as the stop place of articulation moves 
further back in the oral cavity CBorden and Harris, i980; 
Keating et al., 1980; Llsker and Abramson, 1904). The basis 
for this is that VOT varies inversely with the rate at which 
oral release gesture is made CSummerfield and Haggard, 1977>. 
The duration of the movement pf the articulation that forms 
the closure is gretest for the tongue body, less for the 
tongue tip and least for the lips CFant, 1960; Stevens and 
Klatt, 19741). H.S. Srldevl C1990> in' her study (On Kannada 
language) partly agreed with the earlier findings in that 
voiceless velars were found to have greater VOT compared to 
voiceless stops in other places of articulation. Among the 
voiced stops bilabials were found to have greater VOT 
compared to other voiced counterparts. VOT does not serve to 
be a cue to place of articulation at least in Kannada. Place 
of articulation may be cued by other consequences of VOT such 
as rate of Fl transition, Fl onset frequency or F2 
transition. She observed that the voiced murmur had 
significantly smaller VOT values compared to their voiced 
unaspirated counterparts. , 
Klatt C197S), Summerfleld C197Sa) have reported an 
- 20 -
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increase in VOT of a stop when it preceded a high vowel. The 
explanation offered for this is that high vowels influence 
the behaviour of the larynx such that the laryngeal 
fundamental frequency is higher and voicing is less easy to 
initiate or sustain than in other vowels. 
Llberman et. al. C1956) and Keating 8. Blumsteln, C1978D 
showed that the release burst and the rate and duration of 
the formant transition, particularly of the first formant, 
helps in the perception of the stop consonant. Both of these 
cues are the acoustic consequences of the rapid release of 
the stop closure. The duration of the burst is generally of 
the order of 5-15 msec and that of the transition is 20-40 
msec either cue alone will be sufficient for the listener to 
perceive a stop consonant. 
Although the burst and transition cue can be visually 
separated on a spectrogram, it is not clear that the 
perceptual system separately extracts these cues in the 
perception of place of articulation in stop consonants. 
Rather they may form a single integrated cue CStevens and 
Blumsteln, 1979). That is, there is a continuity between the 
frequency spectrum of the burst and the frequency spectrum 
at the begining of the formant transitions. Without this 
continuity, the perceptual performance for place of 
articulation is diminished CDorman, Studdert-Kennedy and 
Raphael, 1977; Flshei—Jorgenson, 1972) . 
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There are a multiple acoustic cues distinguishing 
voiced and voiceless stops, among these burst amplitude and 
aspiration amplitude also play a perceptual role, with 
greater values resulting in an increase in voiceless percepts 
CRepp, 19793. 
Raphael €1973) showed that the perception of the 
voiced-voiceless distinction of stop consonant in final 
position is largely determined by the duration of the 
preceding vocalic portion. According to Raphael's data, 
syllable final stops tend to be categorized as a voiceless 
by English speaking listners when the duration of the vocalic 
portion is less than about 200 msec (a-lso mermelsteln, 1978), 
This conflicts with the Repp's C1979:) perception which 
results that the first stop in a cluster sounded clearly 
voiced when the duration of the initial vocalic portion was 
180 msec. However, Raphael's data were for monosyllabic 
utterances, whereas Repp's stimuli was disyllabic. Sharf 
C1962) has reported data demonstrating that vowel durations 
are much shorter in the first syllable of two-syllable words 
than in one-syllable words, average values for /i/ being 
about 200 and 120 msec, respectively(see also Llsker, 19743. 
Johan T. Hogan and Anton J. Rozsypal C19803, indicated 
that vowels before voiced and voiceless consonants exhibit a 
systematic duration difference, the former being longer 
approximately by 3:2 ratio than the later. Experiments with 
- -)?. -
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synthetic speech have shown that vowel duration is an 
important cue for the voicing distinction of the following 
consonant in word final position. The role of this cue is 
evaluated for natural speech. The stimuli were 24 
monosyllabic English words ending with voiced stops, 
fricatives and consonant clusters after intrinsically long 
and short vowels, spoken by a female speaker. Duration of the 
vowel nucleus was systematically reduced using digital gating 
technique. Recognition rate as a function of vowel duration 
were obtained. Category changes takes place mainly for 
intrinsically long vowels and for high vowels in combination 
with final fricatives alone or in consonant clusters. In 
other oases category changes cannot be established even after 
the vowel duration is reduced to 30% of the original 
duration. In particular the presence of the long voicebar for 
a final voiced stop was found to make shortening of the vowel 
perceptually less effective. A multiple regression analysis 
of the experimental data indicates that in natural speech not 
only vowel duration, but also voice bar duration, duration of 
the "silent closure" preceding the final release transient, 
and duration of the release burst or frication noise, 
depending upon the consonant type vary in weight as cue for 
voicing under different vowel and consonat type conditions. 
It was believed that the duration of the preceding 
vowel is a primary and even necessary cue to voicing in final 
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stop consonants but the results of Carolyn Wardip - Fruln 
C1981D, suggest that in natural speech vowel duration 
difference are probably neither necessary nor adequate oues 
to this distinction and that voicing during closure may be 
required to disambiguate final voiced stop. 
The occurence of consonant before and after the 
consonant (consonant cluster) is of great interest to 
examine. Khan et. al. C1989:> in a study of occurence of 
consonant clusters in Hindi speech sounds observed that there 
are no clusters after /t , d, d , h, g , tj , d^, 3/ in 
general. In case of unvoiced unaspirated stop consonants the 
cluster are with /r/, same category of consonants and /j/ 
while their voiced cognates have clus,ters with same type 
and semivowels /w, j, r, 1/. Voiced and unvoiced aspirated 
consonants make cluster generally with semivowels. In /s/ the 
cluster are with voiced consonants, particularly, semivowels. 
Many researchers have studied acoustic properties of 
clusters in English and other languages e.g. (Menon, 1969; 
Repp, 1978; Dorman et. al., 1979; Pickett and Decker, I960). 
Menon et. al., C1969) studied acoustic properties of 
certain VCC utterences by means of spectrographic analysis. 
His speech stimuli consisted of the consonant clusters /-sp, 
-st, -sk/ in combination with the vowels /i, e, ae, a, o, u/, 
spoken by ten adult male speakers of American English. He 
found that the period of the silent interval was on the 
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average 1/3 greater for /p/ as compared to /t/ and /k/. The 
frequency of the plosive bursts occurred in three distinct 
regions: /t/ in the higher, /p/ in the lower, and /k/ in the 
intermediate region on the frequency scale. 
Repp C1978:) and Dorman et. al., C1979:> found that for 
the detection of a sequence of two different stop consonants 
in a vocalic context, as, for example, in the nonsense 
utterence /ebde/ when the closure period of a naturally 
produced utterence of this type is spliced out, only the 
second stop consonant was heard by the listner but not the 
first, that is, /ede/. In order to perceive both of the 
consonants (i.e., cluster), between 50 to 100 msec. of 
silence is needed between the two vocalic portions depending 
on the particular stimuli used. 
Pickett & Decker, I960; Repp 1978 found that a much 
longer silent interval is needed to evoke the perception of 
double (i.e., geminate) stop consonants approximately 200 
msec in the case of the English speaking listners. While Repp 
1978; £>oriaan et.al.,1979 showed that 50-100 msec of silence 
merely told the listner that two stop consonants have occured 
in case of (/ebde/), rather than one (/ede/). Thus interval 
required to perceive a sequence of two intervocalic stop 
consonants is much longer when the two phonemes are the same 
than when they differ in place of articulation. 
^ Bastian, Elmas, & Libernvan C1961) described research 
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which indioated that tho insertion of Bilonc'o intervals in to 
recordings of natural productions of certain fricative vowel 
sequences is sufficient to induce the perception of stops. 
For example, introducing a sufficiently long silent interval 
after S in a production of SORE (/sOr/) causes the listner to 
hear STORE (/IstOr/). Further research is presented on the 
perception of such intervals in the contrast between SLIT 
(/slit/) and SPLIT (/Ispllt/). Stimuli containing various 
durations of silent interval were presented to subjects for 
(phonemic) identification as SLIT or SPLIT. Their results 
showed that the syllable SLIT heard as SPLIT when a short 
interval of silence (about 40 msec) is introduced between the 
noise at the begining of the syllable and the vocalic 
portion. ' 
The results of several experiments CLlsker, lQ57a; 
Abbs, 1971) have demonstrated that silence is an important 
cue for the perception of stop consonants and affricate 
manner. However, in some circumstances, silence is necessary, 
in others it is sufficient. But silence is not the only cue 
to those manners. There are other cues that are more or less 
equivalent in their perceptual effects, though they are quite 
different acoustically. 
Dorman, Raphael, & Liberman C1979), in a study on some 
experiments on the sound of silence in phonetic perception 
showed that by inserting silence just before the SH (/J/) 
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noise in SAY SHOP (/se Jap/), this utterence oan be converted 
in to SAY CHOP (se tjop/), where the affricate CH (tj/)is 
essentially a stop-initiated fricative. Finally silence is 
effected as a cue when it is a part of an utterence that is 
perceived as having been produced by a single male speaker, 
but not when it separates utterances produced by male and 
female speakers. These findings are taken to imply that, in 
these instances, perception is constrained as if by some 
abstract conception of what vocal tracts do when they make 
linguisticallly significant gestures. 
However Repp, Llberman, Eccarat, & Pesetsky CI978) and 
Fitch, Erickson, Halwes, & Llberman C1979> disclosed that 
silence is not only sufficient but al^o necessary for the 
perception of stops in between a fricative noise and a 
vocalic portion, in either order, since a naturally produced 
SPLIT and SAY CHOP can, in general, be turned in to SLIT and 
SAY SHOP, respectively, by eliminating the silence closure 
period of the stop consonant from the speech signal. 
Massaro C1975) and Repp C1978) thought the perceptual 
disappearence of the first stop in /ebde/ after the closure 
has been eliminated would be an instance of recognition 
backward masking. Accordinig to their interpretation, a 
certain amount of silence is required to fully process the 
cues contained in the first vocalic portion, which convey 
stop manner and, in particular, the place of articulation of 
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first consonant in the sequence. If the silence is too short, 
processing of that information will 'remain incomplete and 
will not lead to a separate phonemic percept. Repp C1978> has 
furnished some evidence that this incompletely processed 
information is not lost but integrated with the cues for the 
place of articulation of the second stop consonant. 
Pickett and Decker C1960> have further shown that the 
single geminate boundary is highly sensitive to the rate of 
articulation of a sentence frame; the boundry may shift over 
a range as wide as 150 msec (150-300 msec). To the extent 
that durational changes in isolated disyllabic utterances can 
actually convey to the listner changes in rate of 
articulation (and this is by no means certain), similar 
shifts should be found in the experiment; that is the single 
geminate boundry should become longer as the total duration 
of the stimuli increases. 
Gay CI9781) and Isenberg CI9783 have shown that closure 
intervals change less than the surrounding vocalic portion 
with rate of articulation, though they do change. The 
perceptual results of Marcus C19783 and Repp et al. C1978> 
suggest that the perception of silent intervals is relatively 
insensitive to variations in speaking rate. Port C1977, 1978D 
on the other hand, demonstrated small but consistent speaking 
rate effects on the perception of intervocalic silence as a 
voicing and place cue. All these results were obtained with 
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single stops in vowel or fricative vowel environment, and it 
is not known whether they can be generalized to stop 
clusters, 
According to Repp C1979) the amount of intervocalic 
silence needed to perceive two different stop consonants in 
synthetic stimuli of the type /V.b-gV^/ (single cluster 
boundary), and two identical stops in stimuli of the type 
/V^b-bVp/ (single geminate boundary), was determined as a 
function of differnt vowel contexts (V^ ,^ V^ - /i/, /a/, /u/) 
and of different durations of the initial and final vocalic 
portions (120, 180, 240 msec). It was predicted that changes 
in vowel quality, with resulting changes in the extent of the 
formant transitions into and/or out of, the closure period, 
would affect the single-cluster boundry more than the single 
geminate boundry. On the other hand, changes in vowel 
duration, which might change the perceived speaking rate, 
were expected to affect the single-geminate boundary more 
than the single-cluster boundary. 
The interval of silence necessary for stop perception 
in fricative-stop-vowel syllables is not invariant. Indeed, 
it was found by Bastlan C1962D and Summerfleld and Bailey 
C1977), that the interval varies according to how several 
other cues are set. These include, the duration of the 
fricative noise, the rate of fricative noise offset, the rise 
time of the amplitude envelope of the vocalic portion of the 
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syllable, and the starting frequency of the first-formant 
transition. 
Turning to the comparison between geminate and 
non-geminate stops, Dorman et al., C1979> found that subjects 
needed a longer silent interval to identify syllable -final 
[d] than [b] or [g]; even at the longest interval the 
identification of [d] reached only 38% correct. 
In another study Repp C1976) presented to the listners 
VCV's that had been synthesized with and without 
syllable-final transitions, he found, in the case of stimuli 
without syllable final transitions, that the time required to 
identify the medial consonant increased as a function of the 
duration of the closure interval; in the case of stimuli with 
syllable final transitions, however, the time required was 
more nearly constant. Clearly than, the syllable final 
transition had a perceptual effect even though they were not 
heard as discrete phonetic events. 
Thus we see that several studies have been carried out 
so far to find out the cues for the identification of the 
stop consonants, in the single as well as double consonant 
words. But most of these studies are for English. Further, 
the stimuli used for these studies was synthetic speech 
witH single stop. So we decided to undertake the study of 
acoustic characterstics of the meaningful Hindi words with 
single and double stop consonants. 
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METHOD: 
Subjects: 
Two adult male speakers with normal speech were used. 
One of the two speakers is engaged in the field of speech 
research from about two years while the second, is unfamiliar 
with this field. Both the speakers though bilingual in the 
sense that they have had part of their education through 
English medium have had Hindi educational background atleast 
upto Intermediate. 
Material: 
There are 32 consonants in the Hindi language but we 
restricted our study to the stop consonants only which are 16 
in count. These 16 stop consonants include 8 voiced i.e. /b, 
d, d, g, b , d , d , g / and 8 unvoiced i.e. /p, t, t, k, p , 
t , t ,k / stop consonants. We intended to take the samples 
of all the possible stop-stop consonant cluster combinations. 
But it was found that in printed Hindi text so many stop 
consonants do not form cluster combinations for example k 
with p, p with k, p with t, t with p etc. Further, in the 
case of k-t, p -t, k -t, t-p combinations all the cluster 
words found are either from Urdu or from English language. 
Although these words have become so much familiar and are 
spoken frequently in the daily life (e.g.,/inUp t/, /dAp t/w/, 
/daktAr/ etc.) but it was felt that, as in the present study 
our aim is to study the acoustic characterstics of Hindi 
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consonant clusters so the words from languages other than 
Hindi should not be included. We decided to take only 
sensible words, reason being that the acoustical properties 
of the speech sounds highly depend on the dialect background 
(Peterson et. al., 1952). Table 2.1 shows the available 
stop-stop cluster combinatios and the number of words in each 
category. 
The material studied consisted of two sets of data. The 
first set involved 80 stop-stop consonant clusters (double 
stop words) on the basis of the frequency of occurence. And 
the second set consisted of 15 pairs of non-cluster (single 
stop words) and their corresponding stop-stop consonant 
clusters, for example, /pAta/ and /pAtta/ etc. In case of our 
stimuli, it is by chance, that for most of the words the 
preceding vowel of the cluster is /A/, while in case of the 
following vowel nothing of such type is found. As for as 
non-cluster and cluster words are concerned we intended to 
take only those pairs, which entirely differ in their 
meanings, for example, /pAta/ means "address" while /pAtta/ 
means "leaf". This may be one of the reasons that we could 
get only 15 pairs of such type for our experiment. Both of 
these sets are listed in Tables 2.2 and 2.3. 
Recording Procedure: 
For recording, there were 110 words (stop-stop cluster 
and non-cluster). Five lists containing 22 words each, were 
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Table-2.1 
I • 
Stop-Stop cluster combinations (available in the Hindi text) 
and no. of samples in each combination. 
Stop-Stop No. of Samples 
Combination Available 
/tt.kk/ 7 
/PP,ttV 6 
/tp,tk,kt,tt/ 5 
/ddV 4 
/Pt,bb,dd,db'^,t^^,d^/ 3 
/bd,bd^,dg,gfi,kk^/ 2 
/e&^.&d^/ 1 
Total 22 Combinations 80 Samples 
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Table-a. 2 
List of meaningful Hindi words with stop-stop consonant cluster 
H i n d i 
O r t , h o g r a p h y 
q^f. 
Tp:f 
3 ^ 
^^^m 
W^'FI 
fM4! 
^ 
^MT? 
•HHW 
f ^ l 
W^\ 
^^ 
^Hlol 
3{m[^ 
^IOR: 
vicMici-i 
vdcMH 
dcM< * 
^3rqicT 
I PA 
E q u i v a l e n t , 
/ t AppAr/ 
/SAPP/ 
/ t APP/ 
/ t j A P P A l / 
/ t j APPAn/ 
/ t I p p A r i / 
/ g U p t / 
/ s A p t a h / 
/ s A m a p t / 
/ k U t t a / 
/ s A t t a / 
/ P A t t a / 
/ U t t A r / 
/ S A m p A t t l / 
/ a p A t t I / , 
/ s A t t A r / 
/U tpadAn / 
/UtpAnn/ 
/ t / ^ t p A r / 
/ U t p a t / 
H i n d i 
O r l h o g r a p h y 
^^c^fTR 
^vFrlTl"< 
"dr^f^T 
? m T F M ^ 
^^rb"R 
^ q ^ ^ 
^ q ^ I 
Hq:^ 't 
TfR^R 
dM'-ti< 
# ^ % 
"^ ct4, | - 3 R ^ 
^»7^ 
^ :^ 
fra 
u^-'i 
\H'QV^ 
I PA 
E q u l v a l e n t -
/ t J X m A t k a r / 
/ b A l a t k a r / 
/ t A t k a l / 
/ s a k t j a t k a r / 
/ s A t k a r / 
/ t j A k k A r / 
/d '^Akka/ 
/ p A k k i / 
/ m A k k a r / 
/ t A k k A r / 
/ b ^ a t j k k e / 
/ h A k k a - b A k k a / 
/ b ^ A k t / 
/ r A k t / 
/mUkt / 
/ U p b ^ O k t a / 
/ W A k t / 
/ p A t t ^ A r / 
/ U t t ^ a n / 
/ n l h A t t ^ a / 
Contd 
C h a p t e r - I I 
H i n d i 
O r l h o g r a p h y 
^c^^K 
ifK^] 
^pIRT 
^^^=^1 
^']^«•^ 
^ ^ 
WF^'t 
'^m^ 
^^T4t 
H<<\ 
-^^i^ 
Sf^^cf 
T c p f ^ 
Pi i j^^^ 
I PA 
E q u i v a l e n t -
/ U t p / \ t t l / 
/ d A t t e d a r / 
z 
/ k A t t ^ a / 
/ g U b b a r a / 
/ p U b b a r a / 
/ p A n d U b b i / 
/ j A b d / 
/ J A t a b d i / 
/UplAbd*^/ 
/ U p l A b d ^ i / 
/ g A d d a / 
/ g A d d i / 
/ b ^ A d d a / 
/ U d g a r / , 
/ S A d g A t I / 
/ sAdb awna/ 
/Adb^Ut / 
/Udb^Aw/ 
/ d l g g A d ^ / 
/ p l t J ^ l A g g u / 
H i n d i 
O r l h o g r a p h y 
5^T?^ I 
^ Z ^ 
^ ^ i 1 
^ ' ^ 
^ 
'p\zS\ 
^ 
'Idcil 
si?"^ 
5flt 
H ^ 
wm^ 
i J T ^ 
^f^q 
'•{ps 
4r? 
H ^ 
^ifW 
I PA 
E q u i v a l e n t , 
/ d A t t ' ^ a / 
z 
/ k A t t A r / 
/ t j A t t a n / 
/ b ^ A t t a / 
/tjStti/ 
/ m i t t i / 
/ t j l t t ^ i / 
/ m U t t ^ i / 
• • 
/ n iA^ t a / 
/ A d d a / 
/ h A d d i / 
/ g A d d i / 
/ m A k k ^ i / 
/mAkk A n / 
/ b A g g ^ i / 
/ s A n d l g d / 
/ J U d ^ 
/ b o d ^ / 
/ y U d ^ / 
/nlJidV 
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T a b l e - 2 . 3 
Pa i r s of 
CII u t t l . o i 
l l l n d l 
O r t h o g r a p h y 
W^] 
f^ ^W 
m^ 
w^^ 
^Tofl 
3uT^ 
'^-^^ 
^Z^ 
^ T ^ ^ 
A 
^ £ F : T ^ 
TR-^ 
^fK^ 
^ ^ ^ 
meaningful Hindi 
s ingle stop 
W > . l . l e u 
IV A 
E q u l v a l e n t 
/ pAkka / 
/ s i kka / 
/ jAkki/ 
/ s A t t a / 
/ p A t t a / 
/ U t t A r / 
/ s A t t A r / 
/kAt ta / 
/ m i t t i / 
/kA^tAr/ 
/ p A t t i / 
/tjAPPAl/ 
/ g A d d a / 
/kAtt^a/ 
/Udd'^ar/ 
words with 
consonants 
N 
H i l l 
Or t hog 
^^] 
f^ T^TI 
w^ 
^?mi 
TdT 
via^ 
^RR 
f^J3I 
f^a 
R^:^  
H^ 
^H^ 
'Kl 
^PTl 
^M^ 
double 
l«»ii-<^l nm 
.di 
i raphy 
stop and 
11 o i W< >i (Ita 
IPA 
E q u l v a l e n t 
/ p A k a / 
/ s i k a / 
/ jAk i / 
/ s A t a / 
/ P A t a / 
/ U t A r / 
/ S A t A r / 
/ k A t a / 
/ n i t i / 
/ k / s t A r / 
/ p A t i / 
/ i j j A P A l / 
/ g A d a / 
/kAt^a/ 
/Ud^ar/ 
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constructed. The order of the words was randomized in each 
list. The purpose of randomizing the words in the list was to 
avoid context effects which would bo nnsooiatod with an 
unvarying order (Peterson et. al., 1952). Each speaker was 
instructed to read a list carefully in natural way with a 
time gap of about 3 second between offset of the word and the 
onset of the next word. The speaker read all the 5 lists of 
110 words to be recorded on a TAEC cassette deck (model 
C-2X). Microphone used for the recording purpose was 
Sennheiser (Model MD-421). At the time^  of recording care was 
taken to keep the distance between microphone and speaker as 
close to 30 cm. The lists were recorded in the free field of 
the partially acoustic treated room at Central Electronics 
Engineering Institute (CEERI), Delhi. 
MEASUREMENTS ON SPECTROGRAMS: 
To measure the duration of the acoustic features 
(burst, gap, voice onset time, aspiration etc.), the sound 
spectrograms of utterences in isolation were prepared at 
Central Electronics Engineering Research Institute (CEERI), 
Delhi, using the Kay's Digital Sonagraph Model 7800 (TE). A 
representative spectrogram of the word (/s Atta/) has been 
shown in the Figure 2.1. The arrow on the time axis in the 
figure indicate the onset and/or offset of the acoustic 
feature. The procedure for acoustic measurements is detailed 
below : 
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1 i ~4 i . t,Ui(i:.^^.[x'.iji.'r>*.j:'--it 
• I 
A 
B 
C 
D 
E 
B 
C 
D 
E 
F 
Inintial Vowel Duration 
Gap Duration 
Burst Duration 
Voice Onset Time (VOT) 
Final Vowel Duration 
) i 4 * 4 1 
Fig. 2.1: Wide band Spectrogram (in expanded form) of the 
word /sAtta/. 
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[11 Gap: A gap is an interval during which the vocal 
mechanism does not produce sound, which is preceded and/or 
followed by an interval during which the vocal mechanism does 
produce a sound, and during which a driving pressure is 
applied to a closure of vocal tract. The duration is marked 
spectrographically generally by almost the total absence of 
energy in the frequency range of the second formant or 
beyond. The voiced stop had a glottal pulsing below a 
frequency of 200 Hz not necessarily throughout the occlusion 
period. For final stops, the time duration between offset of 
second or higher formant transition and onset of burst/or 
aspiration noise has been treated as gap duration. 
The gap durations in case of the non-cluster stop and 
their corresponding cluster words were also measured using a 
computer software for wave form editing (SPED), provided by 
the Central Electronics Engineering Research Institute 
(CEERI), Delhi. This software have three windows one of which 
shows the speech waveform of about 2 seconds of the recorded 
sample while the second shows the expanded waveform (by a 
factor of 3) of the first. This also have the facility to 
-2 4 increase and/or decrease (10 to 10 )the amplitude of the 
speech waveform. It allows to mark upto five points on the 
waveform. The time interval between the points marked on the 
waveform is displayed through a table at the left top corner 
of the computer screen. In third window the cursor moves with 
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a step of 0.1 Kiseo but the recorded display is of 1.0 msec 
thus it have an accuracy of 1.0 msec. Thus measurements were 
made by marking the points on the waveform. And in case of 
doubt, it can be confirmed by listening the selected portion 
enmarked between the two points. 
121 Pitch: In a general periodic continuous wave the 
frequency of the periodic wave is 6alled the fundamental 
frequency. The fundamental frequency (pitch) of phonation 
serves as an acoustic cue to linguistic distictions. In our 
study the pitch of the steady state vowel is measured using 
the same computer software (SPED) as used for the gap 
durations of the non-cluster and cluster words. This can best 
be understood by seeing the sample wave form of the word 
/PAka/ as shown in the Figure 2.2. The periodicity of the 
vowel portion of the speech signal during phonation is 
apparent in the waveform. The begining and end of three-four 
cy9les is marked with the help of the cursor. The calculated 
time period between these points is displayed on the left top 
of the computer screen. The inverson of these time periods 
give the pitch. The average of these three-four values of 
pitch is taken as the average pitch of the steady state 
portion of the vowel. 
£31 Formant Frequency: The frequency of a formant is the 
position on the frequency scale of the peak of the spectrum 
envelope drawn to close the peaks of harmonics. When two 
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formants come close or when the formant to be measured is 
very low in frequency only one side of the formant "mountain" 
may be visible and the estimate has to be based solely on 
this information.In such cases it pays to go to the broad 
band spectrogram and determine the centre of the formant 
band. This method gives more accurate values than may be 
expected. All the data on formant frequencies can be had from 
the broad band spectrogram if the investigator is 
experienced. 
In spite of its apparent lack of rigidity, this method 
for determining formant frequencies is preferable to the 
centre of gravity measurements proposed by Potter and 
Steinberg C1950). 
In case of the present study, broad band spectrograms 
of all the tokens were taken with the help of a Digital 
sonagraph. The formant frequencies of the steady state of the 
vowel (before and after the cluster) were measured manually 
by estimated method (from the center of the formant band) in 
centimeters and this measured value is multiplied by a proper 
multiplier factor obtained from the calibration tone. This 
process was adopted for the analysis and measurement of all 
the spectrograms for all the three (Fl, F2 and F3) formant. 
Representative spectrogram of the sound (/kAttAr/) is shown 
in the Figure 2.3. 
[4.) Burst: A speech burst has the form of impulse and is 
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FiH- 2.3: Wide band Spectrogram (in expanded form) of the 
vjord /kAttAr/ Bhowing the formant frequencies (Fl, 
F2 and F3) of the preceding and following Vowel. 
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produced by the release of a closure in the vocal tract. 
While measuring the duration of the burst, onset of the burst 
is marked by fixing the points where the pattern shows an 
abrupt change in the overall spectrum after occlusion. The 
offset of the burst is noted when energy ceases either at a 
frequency near second formant or higher. In unaspirated stops 
the offset of the burst has been noted as eoon as regular 
glottal pulsing starts. In aspirated stops, the burst from 
aspiration noise could be separatee! either by the high 
frequency noise or by a brief period of silence before the 
onset of aspiration noise. The offset of the burst in 
unaspirated stops could be found easily by observing the 
absence of the acoustic energy in the spectrogram. While 
measuring the burst frequency (center of the burst spectral 
region) first, lower and the upper end of the darkest energy 
region of the burst were marked, and than the burst 
frequency was measured in centimeters, and this measured 
value was multiplied by a proper multiplier factor obtained 
from the calibration tone. This process was adopted for the 
analysis and measurement of all the spectrograms for burst 
frequencies and the burst durations. 
In case of the velar sounds (/k/ and /g/ in our 
stimuli) two prominent bursts were observed. The second 
burst. 
- 37 
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IS) Voice Onset Time CVOT:>J Most languages contrast voiced 
and unvoiced consonants by varying voicing onset tine. 
Phonation onset or voice-onset-1 ime (VOT) involves tlie timing 
between the onset of phonation and the release of the primary 
occlusion of the vocal tract. Phonation onset is relevant 
only for stop consonants, since only stop consonants have a 
full occlusion in the oral cavity. While measuring the VOT 
the total duration betweem the onset of phonation and the 
release of occlusion was measured in msec. In case of the 
velar sounds (/k/ and /g/ in our stimuli), which have two 
bursts, while measuring the VOT, total duration from the 
onset of the first burst, was measured. 
(61 Vowel Duration: Duration of the vowel before, and after 
the cluster was noted. An essential problem in the 
measurement of the duration of the vowel is that of 
segmentation. There are many instances where it is very 
difficult to specify the point of segmentation. Some major 
cues which were employed while marking the boundaries are as 
follows: 
(a) The unvoiced plosive appears as a spike on the 
spectrogram. Two different measurements were made for the 
measurement of the duration of the vowel. One from the centre 
of the releasing spike and the other from the onset of 
voicing immediately after the aspiration. 
In the case of voiced plosive, aspiration was not 
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found, but frication was found which followed the spike. 
(b) The begining of the vowel after an initial unvoiced 
fricative was determined by the onset of voicing in the 
region of the first formant. Final unvoiced fricatives were 
recognized by the onset of random noise. The vowel was 
considered terminated at the point where the noise pattern 
began. 
(c) In case of the nasals, during the measurement of 
the vowel duration, initial nasals offered no difficulty, in 
making the boundary. It was usually possible to identify the 
vocal fold period which followed the velar closure by 
obseving the abrupt change from steady formant pattern to 
rapid onglide movement. In our stimuli we have nasals only in 
initial positions. 
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RESULTS AND DISCUSSION: 
Two experiments were conducted in the present study. In 
the first experiment we took only meaningful words containing 
stop-stop consonant clusters to study their acoustic 
properties. While in the second experiment we took 15 pairs 
of meaningful words of single stop and double stop consonants 
to compare the acoustic characterstics of single stop and 
their corresponding clusters. 
The average durations, in msec, of the acoustic 
features of stop-stop consonant cluster words are listed in 
Table 3.1. The Table shows durations of the preceding and 
following vowels, gap, voice onset time (VOT), and 
aspiration. The stimuli has been grouped in to 6 categories 
of clusters for the representation of the durations: (1) the 
same unvoiced stop-stop consonants (2) the same voiced 
stop-stop consonants (3) the different UVstop-UVstop 
consonants (4) the different voiced stop-voiced stop 
consonants (5) the UV unasp.stop-asp. stop and (6) the voiced 
unasp.stop-asp. stop consonant. Further sub-categories are 
made for a particular and for all vowel context combined. For 
example, /-AktA-/ shows the average duration of vowel /A/ of 
all samples having the preceding and following vowel / A / 
whereas, /-VktV-/ shows average duration of all the stimuli 
having any vowel preceding and/or following the cluster 
/-kt-/. 
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rable-3. 1 
Average durations (in msec.) of the acoustic features of stop-stop 
consonant clusters. 
Context Preceding Gap Following VOT Asp. 
Vowel Duration Duration Vowel Duration 
222 93 20 
219 178 10 
205 120 18 
188 178 10 
190 130 10 
203 110 30 
167 160 31 
/-Ubba-/ 53 138 183 
/-VbbV-/ 50 195 165 
/-AddV-/ 53 177 169 15 
/-Addi-/ 54 160 158 
0 O 
/-VggV-/ 55 162 128 25 
/ - A P P A - / 
/ - A t t a - / 
/-vttv-/ 
/-Atta-/ 
• • 
/-Vttv-/ 
• o 
/ - A k k A - / 
/ - V k k V - / 
44 
42 
4 1 
54 
44 
52 
4 8 
/-VptV-? 63 
/-Utpa-^ 54 
/-VtpA-/^ 50 
/-Atka-? 45 
/-atka-/^ 97 
/-AktA-? 82 
/-VktV-? 90 
238 ~ 15 
175 174 20 
199 74 12 
150 198 28 
143 120 29 
257 
218 138 20 
Contd 
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Cont,ext Precedl 
Vowel Dura 
/-AbdV-/ 
/-VdgV-/^ 
/-Att^a-/ 
/-Vtt^V-/ 
/-Vtt^V-/ 
• • 
/-Vkk^V-/ 
/-AbdS-/ 
/-Vdb^V-/ 
/-Udd^/^ 
/-Vdd^/^ 
/-Udg^a-/ 
/-Igd^/ 
115 
52 
52 
49 
53 
58 
73 
69 
88 
144 
50 
54 
^9 , 
itlon 
Gap 
Duration 
182 
123 
174 
173 
165 
155 
174 
145 
165 
134 
118 
1 
153 
Following 
Vowel Duration 
80 
139 
122 
130 
. 136 
97 
173 
90 
--
--
83 
— 
VOT 
12 
30 
--
--
--
— • 
25 
— 
--
--
— 
— 
Asp. 
--
--
72 
92 
68 
88 
--
58 
--
--
83 
--
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The duration of the. preceding vowel varies from 40 to 
144 msec, with an average of 62 msec. The duration of the 
preceding vowel was less than 100 msec, except for /- AbdV-/ 
and /-Vdd -/ which have the durations of 115 msec. and 144 
msec*, reepoctively, The duration of the following vowel had 
varied frou 74 msec, to 198 msec. with an average of 135 
msec. Thus the average duration of the following vowels to 
the cluster is 54% more than the average duration for the 
preceding vowels. The reason could be that most of our 
stimuli have short vowel /A/ as the preceding vowel, and long 
vowel /a/ as following vowel. 
The gap duration, for the same unvoiced stop-stop 
consonants, varied fro?\ 167 to 222 msec. with an average 
value ..! 199 Kisec, for the same voiced stop-stop consonants 
varies from 1C8 to 195 msec, with an average value of 166 
msec, for the different UVstop-UVstop varies from 143 to 257 
msec, with an average value of 177 msec, for the different 
Vstop-Vstop varies from 123 to 182 msec, with an average 
value of 152 msec, for the UV unasp. stop-asp. stop varies 
from 155 to 174 msec, with an average value of 167 msec. and 
in the case of voiced unasp.stop-asp.stop varies irom 118 to 
174 msec., average boing 148 msec The duration for all the 
cases of unvoiced etop-etop consonant clusters is greater, by 
17%, than the voiced stop-stop consonant clusters. 
Our results of the gap durr.^ "'on are in consonance with 
1 
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I 
the findings of Lisker (1957); Reddy, N.(1985) and Savithri 
SR (1989) in the sense that the closure duration for unvoiced 
stops are longer than that of voiced. Also the result 
supi^ orted the findings of the earlier studies in that a 
unvoioed stop ie perceived at inoreased olosure duration. 
The Voice Onset Time (VOT), in case of the stop-stop 
consonant cluster was measured for the second stop consonant. 
The VOT in case of the voiceless consonants varies from 10 to 
31 msec with an average of 19 msec while for voiced 
consonants it varies from 12 to 30 msec the average duration 
being 21 msec. It is observed that the VOT is greater for the 
velars (i.e., /k/ and /g/ in our stimuli) as compared to the 
VOT values for other places of articulation. It may be due to 
the reason that in case of the velars double bursts occurred. 
The second burst was observed after an interval of 10 to 20 
msec to the first and in suoh cases the VOT duration has been 
taken from the begining of the first burst. This is discussed 
further in detail later on. For the unasp.stop-asp.stop 
consonant cluster the aspiration duration on an average is 77 
msec. 
In 24 cases of stop-stop consonant clusters, in our 
stimuli, for which the two stop consonants differ in their 
place of articulations. An interesting phenomenon observed for 
these cases was that, a burst of duration less than 5 msec, 
occurred in the middle region of the gap. However in case of 
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two such stimuli: /jAbd/ and /jAtabdi/, although, the two 
consonants differ in their place of articulation, but no 
burst was observed in the middle region of the gap. It is by 
chance, having significance or not, that both of these words 
have /JA/ as initial syllable. However while measuring the 
gap duration for such cases this burst, in the middle region, 
was overlooked. All the oases of such type (having burst in 
the middle region) are marked with * in Table 3.1. 
The average formant frequencies of the steady state 
portion of the preceding and following vowels for the 
stop-stop consonant clusters for differnt contexts are shown 
in Table 3.2. Fl, F2 and F3 represent the first, second and 
third formant frequency of the preceding and/or following 
vowel. A comparison of the effect of the stop-stop consonant 
cluster on the formant frequencies of the preceding and 
following vowel is made. The formant frequencies for 
different vowels are measured in the preceding and following 
positions of the cluster, for example, if we see the first 
row of Table 3.2, /-/\CCV-/ represents the formant frequencies 
for vowel /A/ in the preceding position of the cluster, and 
/-VCCA/ represents the formant frequencies for the following 
position of the cluster. In some of the vowel context 
categories we do not have the words in our stimuli with vowel 
/i/ and /u/ before the cluster and /o/ after the cluster, 
these categories are marked with *. In case of /-VCCu-/, the 
43 
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Table-3.2 
Average formant frequecies of the steady state portion of the 
vowels for stop-stop consonant clusters. 
Formant frequencies Cln Hz) 
For Preceding Vowel 
Context Fl F2 F3 
For Following Vowel 
Context Fl F2 F3 
/-ACCV-/ 560 
/-aCCV-/ 570 
/-ICCV-/ 380 
/-iCCV-/ ---
/-UCCV-/ 430 
/-uCCV-/ — 
/-DCCV-/ 460 
1220 2350 
1420 2480 
1770 2600 
1140 
920 
2480 
2540 
/-VCCA-/ .530 
/-VCCa-/ 580 
/-VCCI-/ 410 
/-VCCi-/ 360 
/-VCCU-/ 500 
/-VCCu-/ 335 
/-VCC*-/ ---
1170 2380 
1140 2440 
1730 2550 
2160 2620 
1080 
Not Visible 
* Vowels were not present in the words of our stimuli. 
C h a p t e r - I l l 
•i 
second and third formants of vowel /u/ were not visible on 
the spectrogram. 
The formant frequencies for the vowel /A/, preceding 
the cluster are, Fl 560 Hz, F2 1220 Hz and F3 2350 Hz while 
when it follows the cluster the formant frequencies changes 
to, Fl 530 Hz, F2 1170 Hz and F3 2380 Hz. Here we see that 
there is a decrease in Fl and F2 values for the following 
vowel as compared to that of the preceding vowel, but for F3 
the situation is reversed. For other vowel cases there is no 
such trend for Fl and F2. However, the second formant 
frequencies are less in their values for the following vowel 
as compared to that for the preceding vowel for all the vowel 
cases. The formant frequencies for all the vowels were found 
in range given by Fant C1956). 
The average values of Voice Onset Time (VOT) for 
various stop-stop consonant clusters are shown in Table 3.3. 
VOT was measured corresponding to the second stop of the 
cluster. In the Table the VOT's for the voiceless and voiced 
consonants are shown according to their place of 
articulation. The average VOT for, different place of 
articulation, is less than 20 msec, except for velars where 
it is about 30 msec. One of the reasons for the greater 
values of the VOT for velars may be that in these cases most 
of the time two bursts occurred and the VOT duration was 
measured from the onset of the first burst. Another reason 
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Table-3. 3 
Comparison of the VOT values with those of H.S. SrideviCl990> 
for each place of articulation. Bold letters show the result 
of the present study. 
Manner 
Place of 
Art-iculation 
Bilabial 
Dental 
Retroflex 
Velar 
Average 
Voleel 
Unasp. 
17 
9-25 
IS 
9-28 
10 
0-5 
29 
19-58 
18 
16 
ess 
Asp. 
4,7 
70 
81 
30 
67 
0-100 
87 
45-115 
70 
83 
Voiced 
Unasp; 
-152 
-83 -200 
> 
-177 
-63 -133 
-172 
-95 -129 
-167 
-115 
Asp. 
-57 
-50 -93 
-32 
-45 -60 
-82 
-5 -90 
-57 
-56 
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for the larger values of VOX for the velar place of 
articulation may be attributed to the involvement of the 
tongue mass for the articulation. In case of the 
unvoicedunaspirated stops the values of VOT was less than 
that of the unvoiced aspirated stops i.e, 18 msec. as 
compared to that of 70 msec. This may be due to the reason 
that in case of the unvoiced unaspirated stops the glottal 
aperture is somewhat greater than that of the unvoiced 
aspirated conditions. 
A comparison of the VOT values, of the present study is 
made with that of the results of H.S. Srldevl C19903, who 
measured the VOT for the stop consonants preceding the vowel 
for Kannada language. However in case of our study we have 
measured the VOTs for the second stop in the stop-stop 
consonant clusters. Moreover, she has given the range of VOT 
values for different categories whereas we have calculated 
the average values of VOTs. Our VOT values generally falls in 
the range given by her except in the case of voiced 
unaspirated consonants. For this (voiced unaspirated) 
category, bilabials have greater VOTs as compared to other 
place of articulation cases. The average values of VOTs for 
velars and bilabials are -172 msec and -177 msec, 
respectively. 
VOT has been reported to increase as the place of 
articulation moves back in, the vocal tract CBordes & Harris, 
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1980; Heating et. al. , 1080; Lisker and Abramson, 1967>. But 
in the present study, no such trend was found. 
One more thing whioh seems to be of particular 
importance is that in the case of voiced stops, voicing was 
found to have ceased 5-20 msec prior to the stop release. The 
explanation for such type of cases was given by Mueller and 
Brown CI9803, who revealed that cessation of voicing in 
voiced stops occurs when the subglottic pressure equals to 
that of the supraglottic pressure. The equalization of 
pressure can be brought about by several mechanisms which may 
act independently or collectively. The mechanisms whioh 
either facilitate voicing or devoioing are of two types (i) 
glottal and supraglottal articulatory adjustments and (ii) 
internal laryngeal adjustments. Thus cessation of voicing in 
voiced stop has physiological basis. 
Let us now discuss the acoustic properties of our 
second set of data. In this case we have taken the stimuli 
with single stop consonant and double ^top consonant words, 
as we wanted to compare the effect of the non-clusters and 
clusters on the acoustic features. 
Table 3.4 shows the durations of the acoustic features 
of the non-oluster (single stop) and their corresponding 
cluster (double stop) words. In this Table the durations of 
the preceding and following vowels, gap, voice onset time and 
aspiration are shown. Pitch which was measured for the steady 
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Table-3. 4 
Average durations of the acoustic features of the Non-oluster 
and stop-stop consonant clusters. 
Preceding 
Word Vowel Duration 
Cln msecD 
Ga p Fol 1 o wl ng 
Duration Vowel Duration VOTXAsp. Pitch 
Cln msec:) Cln insect Cln msec) Cln Hz. 
/ U t A r / 
/ U t t A r / 
/ s A t A r / 
/ s A t t A r / 
/ s A t a / 
/ s A t t a / 
/ p A t a / 
/ P A t t a / 
/kAI^Ar/ 
/ k A t t A r / 
/ k A ^ a / 
/ k A t ^ a / 
/ m l ^ i / 
/ m l t t l / 
/i^ki/ 
/ J / v k k l / 
/ s i k a / 
/ s i k k a / 
/ p A k a / 
/ p A k k a / 
/ g A d a / 
/ g A d d a / 
/ i l A p A l / 
/ t J / \ i i p A l / 
/UdV/ 
/ U d d W / 
/ k A t ^ / 
/ k A t t ' ' a / 
4 5 
3 5 
4 0 
3 0 
3 5 
3 0 
6 0 
4,0 
5 0 
4 0 
5 0 
4,0 
5 0 
4 0 
5 5 
43 
5 0 
4 0 
7 0 
SO 
6 0 
5 0 
5 5 
4,5 
8 5 
5 0 
5 0 
4 0 
1 0 0 
2 1 5 
9 5 
2 0 5 
8 5 
2 0 0 
8 0 
1 7 0 
5 0 
1 8 0 
9 0 
I S O 
1 0 5 
1 8 0 
9 0 
1 5 5 
8 0 
2 0 0 
8 0 
2 2 0 
7 0 
I S O 
1 0 0 
2 0 0 
7 5 
1 3 0 
6 0 
1 4 0 
6 0 
6 5 
5 0 
5 5 
1 8 0 
1 6 5 
1 9 0 
1 7 0 
9 0 
. l O O 
2 0 0 
2 0 0 
1 2 5 
1 2 0 
1 7 5 
1 0 5 
1 9 0 
1 8 0 
1 7 0 
1 8 0 
1 9 0 
1 6 5 
8 0 
7 5 
1 6 5 
1 8 0 
1 7 0 
1 5 0 
2 0 
2 0 
2 5 
1 5 
1 0 
l O 
1 0 
1 0 
1 0 
l O 
1 0 
l O 
1 0 
1 0 
3 5 
4 0 
2 5 
3 0 
2 0 
2 5 
—— 
— 
- _ 
; ; 
/no 
/ 1 1 5 
/ 7 0 
/ 7 0 
1 3 8 
1 4 0 
1 3 1 
1 3 6 
138 
1 3 0 
1 3 3 
1 4 8 
139 
1 3 9 
135 
144, 
136 
1 3 7 
1 3 3 
1 4 1 
142 
ISO 
126 
1 6 6 
129 
1 3 4 
1 3 6 
1 4 1 
134 
1 4 5 
1 3 2 
1 4 0 
Chapter-Ill 
state portion of the preceding vowel with the help of a 
computer software of speech waveform editing, is also shown 
in the last column of the Table 3.4. 
The first column in the Table 3.4 indicates the 
duration of the preceding vowel. The duration of the 
preceding vowel in case of the non-clusters varies from 35 to 
85 msec having an average of 54 msec, whereas the duration 
of the preceding vowel for the clusters varies from 30 to 50 
msec, average being 41 msec. The average value of the 
duration of the preceding vowel for the non-clusters is 24% 
greater as compared to that of the clusters. 
The gap duration for the non-clusters (single stop 
words) varies from 50 to 105 msec. with an average of 76 
msec. In case of the same stop-stop consonant cluster words 
the gap duration was found to vary from 155 to 220 msec, with 
the average duration 191 msec, whereas for the unaspirated 
stop-aspirated stop consonant clusters (only two pair of 
words, i.e., Ud ar/Udd ar and kAt a/kAtt a) the gap duration 
varies from 130 to 140 msec, average being 135 msec 
We see from these results that,, the gap duration for 
the unasp.stop-asp.stop consonant clusters is about twice as 
long as the gap duration for the single stop words i.e., 135 
msec, as compared to that of 67 msec However, a much longer 
gap duration (191 msec.) was found for the same stop-stop 
consonant cluster words as compared to the gap duration (85 
- 47 
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msec.) of the non-cluster words. Thus there is a difference 
of 24% between the average gap durations of the same 
otop-otop oonnonnnt, oluotorn mid unnrip.nlop nnp.atop 
oonMOiinrit OIUHLOI'M. 
It may thuw bo Hummarlzod that, the gap duration la muoli 
longer in the case of same consonant clusters than that of 
the unasp.stop-asp.stop cases. 
The duration of the following vowel is shown in the 
third column of the Table 3.4. In case of the non-clusters 
(single stop) the duration of the following vowels varies 
from 50 to 200 msec, with an average of 144 msec, while for 
the clusters (double stop) the duration varies from 55 to 200 
msec, average being 136 msec. There are large variations in 
the duration of the following vowel after non-clusters as 
well as after the clusters. These variations could be on 
account of as most of the time, in the words of our stimuli, 
the following vowel was a long vowel (i.e., either /a/ or 
/i/). There is only one case (kAta/kAt^a) where the following 
vowel has same values of duration, for non-clusters and 
clusters. 
Voice onset time (VOT) was almost equal in the 
non-cluster as well as cluster cases. However, in three cases 
(PAka/pAkka; jAki/jAkki and sika/slkka) the VOT for clusters 
is greater by 5 msec, as compared to that of non-clusters. 
However for (sAtAr/sAttAr) the VOT for non-cluster is greater 
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by 10 msec. For the two cases of the stop-asp.stop cluster 
combinations the aspiration duration was almost same for 
non-cluster and cluster words. 
The pitch of the steady state portion was measured for 
the preceding vowels. For the non-cluster words, pitch varies 
from 126 to 142 Hz., whereas for the clusters it ranges from 
130 to 166 HE. The average value of the pitch for the 
non-clusters is 134 Hz. and for the clusters it is 142 Hz. 
The pitch in most of the cases is greater for the stop-stop 
consonant cluster words as compared to that of the 
non-clusters however, this difference is not remarkable as it 
ranges from 0.5% to 10% except in the case of (pAka/p/N kka) 
where it is 24%. Further in one case (sAta/sAtta)the pitch is 
found to be more for the non-cluster word as compared to the 
cluster word, while in case of (kAtAr/kAttAr) pitch has same 
value for both cases. The average value of the pitch for the 
clusters is greater by only 6% than the average value of the 
non-clusters. 
Table 3.5 shows the average formant frequencies of the 
steady state portion of the preceding and following vowel for 
the non-clusters (single stop) and their corresponding 
clusters (double stop). Fl, F2 and F3 represents the first, 
second and thii^ d formant frequency of the steady state 
portion of the vowel. For example in case of /sAtAr/, the 
preceding and following vowel to the stop consonant /t/, is 
49 -
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Table-3.5 
Average Formant Frequecies of the vowels for the 
Non-clusters and stop-stop consonant clusters 
Formant frequencies Cln Hz) 
Word 
For Preceding Vowel 
Fl F2 F3 
For Fol1owlng Vowel 
Fl Fa F3 
/UtAr/ 
/UttAr/ 
/SAtAr/ 
/sAttAr/ 
/sAta/ 
/sAtta/ 
/pAta/ 
/pAtta/ 
/kAi^Ar/ 
/kAttAr/ 
/kAta/ 
/kAtta/ 
/miti/ 
/mlttl/ 
//^ki/ 
/jAkkl/ 
/sika/ 
/sikka/ 
/pAka/ 
/pAkka/ 
/gAda/ 
/gAdda/ 
/Ud'^ a r/ 
/UddV r/ 
/^/APAI/ 
/t/AppAl/ 
420 
460 
805 
520 
500 
460 
560 
510 
500 
500 
500 
490 
450 
390 
500 
520 
435 
390 
500 
500 
480 
520 
420 
580 
620 
520 
1270 
1210 
1080 
1120 
1270 
1180 
1250 
1170 
1330 
1280 
2000 
1830 
1290 
1330 
2010 
1830 
1300 
1220 
1210 
1310 
•• 
' 1580 
1380 
2660 
2580 
2450 
2470 
2600 
2190 
,2040 
2080 
2180 
2290 
2410 
2290 
1910 
1960 
2440 
2290 
2200 
2370 
2460 
2330 
2170 
540 
580 
660 
540 
580 
620 
580 
600 
580 
520 
580 
630 
335 
390 
310 
350 
580 
680 
620 
590 
580 
580 
580 
580 
700 
500 
1170 
1210 
1330 
1230 
1120 
1120 
1120 
1200 
1290 
1350 
1280 
1280 
2200 
2410 
2370 
2450 
1180 
1240 
1080 
1250 
1210 
1120 
1120 
1370 
1270 
1040 
2450 
2290 
2500 
2460 
2450 
2540 
2500 
2SOO 
2270 
2330 
2350 
2590 
3330 
3530 
3410 
3480 
2520 
2580 
2580 
2600 
2560 
2S40 
2450 
2500 
2620 
2410 
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/A/ for which all the three formant frequencies are listed in 
the Table. For its corresponding cluster word /sAttAr/ the 
formant frequencies are listed just below it and are shown by 
bold letters so that they can be distinguished easily. In the 
case of the words with single stop (non-cluster), for the 
preceding vowel /A/ Fl varies from 480 to 620 Hz. with an 
average of 530 Hz., F2 varies from 1080 to 1580 Hz. with an 
average of 1287 Hz. and F3 varies from 1810 to 2660 Hz., 
average being 2320 Hz. whereas, when vowel /A/ precedes the 
cluster, Fl varies from 460 to 520 Hz. with an average value 
of 500 Hz., F2 varies from 1120 to 1380 Hz. with an average 
of 1240 Hz. and F3 has a variation of 1980 to 2580 Hz., 
average being 2270 Hz. There seems an effect of the single 
and double stops on the formant frequencies of the preceding 
vowel. This effect can well be seen in Table 3.6. In this 
Table we have represented the average formant frequencies of 
the vowels preceding and/or following the single stop 
(non-cluster) and the double stop (cluster), and thus, 
comparision of the effect of the single and double stop 
consonants on the formant frequencies of the preceding and 
following vowels is made. The left side of the Table 
represents the formant frequencies for the vowel preceding 
the single and double stop consonant whereas, the right side 
of the Table represent the formant frequencies for the 
following vowel. From the Table it can be seen clearly that 
- 5 0 -
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Table-3. 6 
A comparison of the formant frequencies of the vowels 
for Non-clusters and stop-stop consonant clusters. 
* 
Context 
/-ACV-/ 
/-ACCV-/ 
/-ICV-/ 
/-ICCV-/ 
Formant 
For Pr 
Fl 
530 
500 
440 
390 
frequencJ 
ecedlng 
F2 
1290 
1240 
2000 
1830 
Vowel 
F3 
2320 
2270 
2420 
2290 
:es Cln Hz) 
Context 
/-VCa-/ 
/-VCCa-/ 
/-VCi-/ 
/-VCCl-/ 
For Following 
Fl 
580 
610 
320 
370 
F2 
1160 
1220 
2280 
2430 
Vowel 
F3 
2490 
2550 
3370 
3490 
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all the three formant frequencies i.e., Fl, F2 and F3 of the 
preceding vowel for the cluster words decrease as compared to 
that of the non-cluster words. If we take the case of vowel 
/A/ for the non-cluster word, we find that its all the three 
formant frequencies Fl, F2 and F3 are greater than that of 
the cluster word by 6%, 4% and 2% respectively. 
Whereas, in case of the following vowel the situation 
is reversed i.e. all the three formant frequencies of the 
following vowel for the cluster words increases as compared 
to the non-cluster case. For example in case of the following 
vowel /a/ of noncluster word all the three formant 
frequencies Fl, F2 and F3 are less than that of the cluster 
words by 5%, 5% and 2% respectively. 
'Table 3.7 shows the average values of the burst 
frequencies (center of the burst spectral region) and the 
burst durations of the stop consonants for the non-cluster 
stop and their corresponding cluster words. For stop /p/ we 
did not observe the burst in any case so it is not included 
in the Table. The burst frequencies for /t/ varies from 3095 
to 4125 Hz., for /k/ from 1105 to 2670 Hz., for /t/ from 2410 
to 3460 Hz. and for /g/ from 1065 to 1165 Hz. In case of /k/ 
if we exclude the jAki/jAkki pair we see that the range for 
/k/ reduces to 1105 to 1330 Hz. In almpst all the cases we 
noticed double burst for /k/. The second burst appeared after 
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Table-3.7 
Average values of the burst frequencies and burst durations. 
C o n t e x t , 
/ s i k a / 
/ s i k k a / 
/ p A k a / 
/ p A k k a / 
/ j A k i / 
/ j A k k l / 
/kAtAr / 
/ k A t t A r / 
/kA^a/ 
/ k A t t a / 
/ m l t i / 
/ m l ^ t i / 
/ s A t a / 
/ s A t t a / 
/ p A t a / 
/ p A t t a / 
/U tAr / 
/ U t t A r / 
/ aAda / 
/ g A d d a / 
B u r s t F r e q u e n c i e s C±n Hz) 
t k t g 
1330 — 
14SO — 
1110 - -
1 2 1 0 — 
2295 - -
2 6 7 0 — 
2520 - -
3 2 1 0 — 
2410 - -
3 1 7 0 — 
3915 - -
3 4 6 0 — 
3095 - -
4 1 2 5 — 
3350 - -
3 6 9 0 — 
1 
3580 - -
4 1 2 5 — 
1065 
1 1 6 5 
B u r s t 
t 
- -
— 
__ 
— 
- -
— 
- -
— 
- -
— 
- -
— 
6 
6 
7 
6 
8 
l O 
I X i r a t l 
k 
10 
1 2 
8 
6 
11 
1 3 
9 
9 
6 
8 
- -
— 
o n C l n 
V 
— 
— 
- -
— 
- -
— 
5 
6 
7 
6 
7 
6 
msecD 
9 
- -
— 
- -
— 
- -
— 
- -
— 
- -
— 
- -
— 
6 
5 
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of /g/, however we can not say anything definitly for this 
case as we have only one pair of tokens (gAda/gAdda) for the 
same. The burst duration for /t/ varies from 6-10 msec, for 
/k/ from 6-13 msec, for /t/ from 5-7 msec, and for /g/ it 
varies from 5-6 msec. The burst duration do not give any clue 
for the identification of the burst. Perhaps, the 
identification cue for the burst may lie in the spectral 
region or in the amplitude of the burst, which are not 
studied in the present st'udy. 
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Appendix 
NEED OF THE SPECTROGRAPH!C STUDY: 
Due to the highly oomplex character of the speech waves, 
inadequecy of the knowledge of how the intelligence is 
embedded in the acoustic and other parametersand the 
statistical variations associated with biological process 
involved, this apparently simple problem engaged the 
attention of researchers for almost a century. 
We shall discuss acoustic-phonetic features of human 
speech sounds. At the acoustical level, the analytical 
methods employed before the last world war certainly 
contributed to store information on the acoustic cues of 
speech but these analyses in some cases led to erroneous 
conclusions. The great impact on speech research come with 
the development of the sound spectrograph. The sound 
Spectrograph was probably the single most useful device for 
the quantitave analysis of speech. The sound Spectrograph was 
developed at Bell Telephone Laboratories in 1945. 
Sound Spectrograph provides a convenient means for 
permanently displaying the time spectrum of a siezable 
duration of signal. Its choice of time windows is made to 
highlight important acoustic and perceptual features such as 
voicing, friction, stress, pitch and formant structure etc. 
Two band pass filter widths are generally used in 
spectrogram: 
[1] 45 Hz, called the narrow band. It is used to 
/.n 
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investigate frequency composition in detail, i.e., harmonics 
of voiced sound and the manner of harmonic variation with 
time. 
[2] 300 Hz, called the wide band. It is used to 
investigate broad frequency and time variation resulting from 
selctive modulation produced by variation in the vocal 
cavitiesduring the formation of sounds. 
The broad band pattern is also used for pitch 
determination, which is accomplished by measuring the 
frequency of vertical stirations. The spectrograph was to be 
used to obtain the acoustic features of speech such as 
formant frequency, duration, pitch, bandwidth and transition 
and other acoustic events. But due to some mechanical 
problems in Kay's Model 7029-A available in our laboratory, 
the spectrograms have been taken on Digital Sonagraph Model 
7800(TE) at Central Electronics and Engineering Research 
Institute (CEERI), Delhi Centre. 
DIGITAL SONAGRAPH : 
The Digital Sona-Graph (Model 7800) is a powerful 
acoustic analysis instruement designed for the measurenent 
and display of non-stationary signals in the DC-32 kHz range. 
The Digital Sona-Graph is a high speed spectrograph, an audio 
waveform printer, an audio spectrum analyzer and an 
electronic signal splicer. The incoming signals are stored 
and when analyzed, are resolved in to their frequency. 
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amplitude and duration components which are displayed on high 
resolution graph called Sonagram. (The sonagram and 
Sona-Graph are tradenames for the Kay sound spectrograph and 
spectrogram). The stored signal can be analyzed in six 
different modes. The 3-D type display mode reveals the signal 
in its entirety so that ferquency shifts over time may be 
viewed directly. A choice of five (three standard and two 
optional) different analysis filter bandwidths is available 
in this mode. The desired location of the time domain 
(amplitude Vs. frequency) display mode may be chosen with 
precision. Fundamental frequency versus time, the amplitude 
envelope of the signal and a contour-type display are other 
standard analysis. 
The Digital Sona-Graph 7800 stores 128K words or 
131,072 data points (at 12 bits) in its signal storage 
memory. We can analyzeand display part, or all of the signal 
while preserving the stored signal. The printer (model 7900), 
included with the Digital Sona-Graph, produces high 
resolution (grey scale when required) prints of the analysis. 
The Digital Sona-Graph is a powerful instrument with 
extensive capabilities. The Digital Sona-Graph model 7800 is 
a unique instrument, an instrument based on the powerful 
analysis capabilities of sound spectrograph. 
A spetrograph displays and analyzes a complex signal in 
terms of its frequency, duration and intensity components. 
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When compared to a conventional sound spectrum analyzer which 
usually displays the time function and the frequency function 
(with out hard copy), the spectrograph can analyse, display 
and print component frequency shifts over time. 
The ability of the spectrograph to display all the 
components (frequency, amplitude and time) of a complex 
signal is useful in selecting a segment of interest for a 
frequency Vs. level analysis. 
One of the unique capabilities of the spectrograph 
which makes it such a useful instrument in the analysis of 
sound signals is that a relatively long signal (or a long 
series of transients) can be stored and analyzed using the 
various analysis formants. The spectr'ographic or "B" scan 
analysis presents the most revealing display of complex 
signals which have component frequencies which changes over 
time. 
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